The Pekisko formation in the Bigoray field in central Alberta is an oil-bearing dual permeabiIity/porosity dolomite. A portion of the reservoir has permeabilities in the range of 1-2 Darcy and poroshies approaching 25-30% while the rest of the reservohfea~es 10-30 milliDarcy average permeabilities, 8-12V0porosities and low initial water saturation. It is suspected that both rock types contribute to the flow of oil.
Introduction
The Bigoray field in west Central Alberta was discovered in 1962. The estimated reserves from the Pekisko formation are 5400 103m3 of oil and 2574 10Gm3of gas. Only a meager 3.5% of the original oiI in place has been produced to date, Vertical wells driIled into the pool typically show declining oil production and increasing water cut over their producing lifetime.
Saxon Petroleum has embarked upon a series of horizontal wells in the Pekisko formation to increase oil production and minimize water handling at surface. This paper describes the challenges of drilling open hole horizontals in a dual permeability/porosity dolomitic reservoir. Topics covered include geological background, vertical well performance, fomation damage issues and related core flow studies, vertical well performance and the drilling, completion and production histories of selected horizontal wells.
Geological Description
The Bigoray field is located 100 kilometers west of Edmonton in west central Alberta (Figure 1 ), The larger Pembina field lies to the south of the Bigoray field. The Pekisko ojl and gas pool covers approximately 3000 hectares and contains 29 wells. A smaller subset of this pool is located directly to the west of the main Pekisko field and is approximately 500 hectares in size (Figure 2 ). This smaller pool, which is the focus of this paper, may be separate from the main pool since less reservoir pressure depletion has occurred in this smaller sub-section.
Reservoir Description: The Bigoray Mississippian oil and gas pools are situated on the up dip, northlsouth trending, and truncated edge of the Pekisko formation.
The Pekisko is underlain by the shaly and silty dolomite Iaminites of the Mississippian Banff formation and overlain unconformably by the mudstones and siliceous limestones of the Jurassic Nordegg formation.
Ffgwe 3 depicts a cross section of the formations as taken fromthe cross section line indicated on Figure 2 . A definite oil water contact lies to the }yestem edge of the pool with the gas cap located to the more easterly portion of the pool. Some fi-acturing of the upper portions of the Pekisko are evident. The gross thickness of the Pekisko oil dolomite varies from zero to +20 meters. Rocks of the Pekisko formation consist of low to excellent reservoir quality, fine to coarse crystalline dolomites. Thin section petrology shows the dolom ites originated from coarse to fme echinoid and peloidal Iime grainstones that formed under shallow, moderate to moderately high energy shoaling conditions. me reservoir evolved through a moderately complex paragenesis that involves the following stages:
i. Depo~tion as peloidal and skeletal I[me grainstones 2.
3.
4.
5.
6. Cores and Petrography: An attempt to cut a core in the horizontal section at 16-11 resuIted in a recovery of onIy hvo meters of predominantly milled and fractured core. The core consisted of medium crystalline dolomites and pinpoint vugs. Petrographic work showed other constituents including bitumen (1 -6Yo), minor cIays and traces of quartz and pyrite. Porosity ranged from 8-13.5~0 and permeabilities from 1.0 milIiDarcy to 2.0 Darcy.
A more successful core was cut in the vertical 4-11 welI. Eighteen meters of core were cut and recovered, incIuding 0.6 meters of the overlying Nordegg and 1.65 meters of the 162 underlying Banff.
Porosity by conventional core analysis ranged from 5.1 -30.3°/0 and permeabilities from 1.4 milliDarcy to greater than 3 Darcy. Small amounts of bitumen (1 -7%), minor cIay fractions, some calcite cement and anhydrite are present in the vugs and small randomly oriented fractures.
7-12 Vertical Well
Drilled in 1978, the 7-12 -52-9 W5 vertical well & a typicaI producer from the Pekisko A pool. The well was dfilled to a TD of 2531 m and plugged back to 1985 m to produce from the Pekisko interval (1954-1972 m) . The Pekisko interval was drilled with CaClz ffoc water and then mudded-up to a simple gel-chemical drilling fluid. Perforations were originally shot between 1969.5 to 1972.5, squeezed with 1m3 of 15% HCI and 6m3 of 28% HC1. Additional perforations were shot in November 1981 between 1958-1961 m and treated with acid as above. In March 1996, the perforations were squeezed with alternating treatments of asphaltene-wax modifier and 15°/ HC1.
Average daily fluid production from 7-12 is-shown in Figure 4 . The overall trend has been towards a decrease in oi production from an initial high of21 m3/day to the current 1997 average of 5.5 m31day. Water production has increased steadily to a current water cut of approximately 750/. Chemical stimulations in 1981 and 1996 described above provided only minor boosts in oil production and didnot affect the water cut.
An increase in oil production in 1987 corresponded to repairs on rods and downhole pump. To the end of Se tember 1997, cumulative production horn 7-12 was f 51,000 m of oil, 74,000 m3 of water and 10 106m3 of gas.
With the high water cuts and declining production rates on 7-12, the decision to drill a series of horizontal wells in the pool was undertaken.
It was anticipated that the horizontal wells would increase oil production due to the greater amount of Pekisko drilled, and that water production would be minimized due to lower drawdown pressures, A second vertical well, 4-11 was recently drilled in 1997 Figure 5 shows the log of water saturation, porosity and rock lithoIogy over the open-hole Pekisko interval.
Water saturation averages 30-50°A with low (< 5VO)and high (700A saturations at the top and bottom of the Pekisko, respectively.
Formation Damage Issues and Core Flow Work
As described in the geological section, the Pekisko dolomite is a dual permeability/porosity system. The higher permeability/porosity network is thought to be primarily responsible for flow channels of fluids while the stora~e of oil is more concentrated in the lower permeability/porosity dolomite. As such, it is important in the design of drilling fluids to minimize damage in both types of flow systems. An understanding of the most Iikely damage mechanisms in each type of permeabili~/porosity rock needs to be compIeted so that a single low-non damaging drilling fluid can be designed. "2 Lower Permeability/Porosity Considerations. damage mechanism of clem"-low permeability/porosity dolomitic rocks is due to mud solids plugging and aqueous phase trapping (or water block).3>4 Damage due to mud solids plugging in low permeability reservoirs can also be substantial in horizontal wells.4 Fine driIIed solids can penetrate into the formation and become lodged in pores and pore throats, thereby producing a barrier to flow.
Typically, bridging systems are used to minimize the amount of solids invasion into the wellbore and in carbonates an acid soak is used to remove the external and near weI1bore filter cakes.5
TabIe "1, taken from Bennion et al, describes the expected severity of darnage due to aqueous phase trapping in rocks with various pe~eabiIities and initial water saturations (Wsi).4 Aqueous phase trapping, or water block, is damage caused by the irreversible uptake of water into an undersaturated formation.
The uptake of water to the irreducible water saturation invariably leads to a reduction in the permeabili~to oil and subsequent formation damage results.
The low permeability/porosity Pekisko system with average unstressed air permeabilities of 10-30 mD and Wsi of 18°/0 has an estimated darnage due to a~ous phase trapping of mild severity.
An aqueous phase trap reduction agent (APTRA), which will prevent/minimize the uptake of water in undersaturated reservoh was used in the tillIbg of a number of Pekisko horizontal wells.. Damage due to aqueous phase trapping is decreased when the surface tension of the bound water phase is decreased, therefore minimizing the uptake of water in the undersaturated formation.
Higher PermeabilityiPorosity Considerations.
The predominant damage mechanism in 1-2 Darcy, 25-30V0 porosity Pekisko rock is due to pIugging from driI1ed solids and mud fines. The Iarger pore sizes will allow for a greater penetration of bo& solids and whole mud deeper into the formation. In the Pekisko fomation where flow of oiI through the high permeability/porosi~network is essential, a loss of solids and/or whole mud could lead to significant impairment to hydrocarbon flow. Properly designed bridging systems in the higher permeabiIity/porosity Pekisko should ensure that any formation damage due to solids or whole mud is confined to near wellbore.
The design of bridging systems in high permeability formations is ofien difficult to accomplish because of the large diameter pores and pore throats.
A bridging system with a wide variety of sized bridging agents, sufficient quantities of bridging materiaIs along with an excellent filter cake building agent is required to seal efficiently against the wellbore surface.
A series of dynmic core fiow studies under downhole pressure and temperature conditions were undertaken to determine the correct bridging system for the high permeability/porosity Pekisko dolomite. The results are shown in Table 2 .
The car@nate polymer and oil-soluble resin fluids were both designed as bridging systems to limit fluid flow into the core and also to be readily removed under inflow conditions to oil. In the core flow tests, the carbonate polymer system proved the least damaging with essentially no change in inflow permeability to crude oil after exposure to the drilling fluid. A 437. reduction in permeability was observed with the oil-soluble resin fluid system. A petroleum distillate with properties similar to &esel fuel, was also damaging to the high permeability/porosity core plugs.
In theory, the distillate should be able to~revent aqueous phase trapping induced formation impairment since no water is present to be absorbed by the fo~ation. Protection of the lower permeability/porosity Pekisko with a hydrocarbon-based fluid should occur.
The tests in these higher permeability core plugs were undertaken to see if damage would occur in a non-bridging system. Petroleum distillate used in an overbalanced pressure state, with only rock fines present, had a 25°A reduction in permeability to crude. The underbalanced petroleum distillate test, where net flow was from the core into the circulating distiI1ate, also showed damage although no solid particles were theoretically injected into the core plug face, The damage mechanism for using the petroleum distillate in an underbalanced mode, where 32°/0 damage was noted, has not been confirmed.
Emulsions. Simple bottle tests of shaking Pekisko crude with
drilling fluids (polymer carbonate or oil-soluble resin) or their filtrates showed a minor tendency to form emulsions. The whole muds were more prone to forming stable emuIsions. Additions of a variety of demulsifiers types to the water based muds prevented emulsion formation. Demulsifiers were added to the water-based muds during both the core flow tests and drilling of the horizontal wells,
Horizontal Wells
Beginning in August 1996 and continuing to December 1997, Saxon Petroleum has drilled eight horizontal wells in the Bigoray Pekisko field. Four of these wells were drilled with an oil-soluble resin fluid in the horizontal section. Three were drilled a polymer-carbonate system containing an aqueous phase trap reduction agent (APTRA) and one well drilled with an overbalanced petroleum distillate. Six of the eight wells are currently on production ( Table 3) .
The formation damage studies discussed in the previous section were conducted folIowing the drilling of four wells where oil-soluble resin was used. The polymer-carbonate-APTRA and the distillate wells were drilled post coreflow work.
The following discussions will focus on tkee representative wells in the 52-9 W5 section,' namely 16-11, 12-1I and 16-10. These three wells were chosen since they have longer production histories than some of the other horizontals, were drilled with different drilling fluid systems and represent interesting geological comparisons.
The location of the horizontal wells are shown in Figure 2. 16-10 and 12-11 Horizontals.
The 16-10 and 12-11 weIls are roughly parallel horizontal wells drilled in north-south direction. These wells were considered good offsets to each --. other since they are physically close to each other and are drilled in similar directions. It was expected that the two wells would~ontact similar rock quaIity. The 12-11 well had a 485 m horizontal interval and was drilled with the oil-soluble resin fluid. The 16-10 well with a horizontal length of 630 m was drilled \vith the APTRA-polymer-carbonate drilling fluid system. The folIowing discussion will focus on the drilling and completion practices for these wells, the geological sirrriIarities/differences and the production data.
Drilling. The 12-11 w'elI drilled with the oil-soluble resin experiemed losses' of approximately 50-60 m3 of whole mud throughout the horizontal interval. Losses generally averaged 3-4 m-3/day in the Pekisk6. No other difficulties occurred in the drilling process. The well was drilled in January 1997. DriIIing of the 16-10 well, in March 1997,proceeded with no losses in the horizontal section. The carbonates used as bridging agents were similar to those used in the coreflow experiments, a mixture of-three different sizes.' The particle sizes of the added bridging agents from 12-1 I and 16-10 are given in Table 4 .
Completion Sfrtife~. A bridge plug was set in the vertical section of the 12-11 well and the mud displaced with oil. The resin mud in the horizontal section of the well was then blown utilizing coiled tubing and Nz. A total of 78 m3 of mud and oil were recovered. The welI initially flowed oil on swab tests at 8-10 m3/hr with a 10-15% water cut. A 69 mm tubing pump was then installed in the 73 mm production tubing.
Completion treatrne_nt of 16-10 was with a nitrified acid wash. The weII was underbalanced acid washed with 28 m3 of nitrified 15°/0 HCI from heel to toe and reversing from toe to heel. The volume of acid used in 16-IO was sufficient to dissolve the carbonate bridging particles. A 69 mm tubing pump was also installed.
Logs. Figures 6 and 7 depict the log information for the horizontal sections on 12-1 I and 16-10 respectively. Included in the figures are the porosities to hydrocarbons and water along with combined lithologies of the horizontal intervals, OveraI1, the 'log~rom 12-11 shows greater hydrocarbon porosity than at 16-10 and fairly good porosity throughout the entire 470 m horizontal~veI1bore. The Pekisko rock at 12-11 has a very high dolomitic content with small amounts (<57.) of quartz (chert). One shaly interval is evident from 2310-2325 mMD. The hydrocarbon porosity over this interval does not seem to be impacted and is stiIl greater than 10O/O.
------.. In contrast to .$e 12-11 log, the hydrocarbon porosity is much less at 16-IO. CoupIed with the higher porosity to water in 16-10, the overall quality of the Pekisko rock is much poorer at 16-10 than at 12-11. The Pekisko formation at 16-10 has a qu~content averaging 10-15%, approximately twice that keen in 12-11.
Production at 16-10 is likely limited to the first 80 meters . ..-..=.
-. ---,-and final 400 m of drllIed hole. Approximately 130 meters from 2170-2500 mMD has Iarge concentrations of shale and calcite interspersed in the dolomite and subsequently low hydrocarbon porosities.
Little to no production is expected from this section. Minor shale stringers are found in the fina 400 m of drilled hole, however, hydrocarbon porosites are stil greater than 10O/O.
Pro(lliction (I[lta.
Production data from 12-11 and 16-10 are shown in Figure 8 . The production from 12-11, drilled with the oil-soluble resin mud, produced an average of 50-60 m~/day of oil over the first three months of production. Oi production has steadily decreased since then and averages 1 m3/day through September of 1997. During the same period of decreasing oil production, the water cut has increased from 47% initially to the September 1997 level of 84%. The average gas-oil ratio over the first nine months of production has averaged 430 with the range being 230 to 690. Compared to the 7-12 vertical production in Figure 5 , the horizontal wel 12-11 is currently producing three times the amount of oil The water cut at 12-11 is approximately 10% higher than at 7 12, even after the short time that 12-11 has been on product ion.
OiI production from 16-10 has been more uniform th,a from 12-11 and to date has not experienced the decline observed at 12-11, The average daily oil production at 16-10 and 12-11 over their entire production history has been 38.4 m3/day and 34,4 m3/day, respectively, The water cut at 16-10 has averaged only 22% with the only real increase in the las month where production data is available (September 1997) Water cuts have previously ranged horn 2 to 21 V.. The gas-oil ratio at 16-10 has averaged 281 with a range of 57 to 610.
The average daiIy oil production from these two horizontals over their production histories are ap~roximately seven times that of the 7-12 current vertical production. However, the current oil production from 12-11 is onIy three times that of the 7-12 vertical while the 16-10 well is stil producing seven times that of 7-12. The increasing water cu and decreasing oil production at 12-11 is a concern.
Given the poorer production profile and better"quali~rock at 12-11 horizontal compared to 16-10 horizontal, the 12-11 well is considerably more damaged than is the 16-10 well The 10SSof whole mud at 12-11 into the Pekisko dolomite has likely impaired the movement of oil within the reservoir. In addition, firther impairment may have occurred at 12-11 since no APTRA was used on this well.
To date, no Skin value determinations have been made on either the 12-11 or 16-10 well. With the d,uaI permeability system present in the wells, measurement of Skin would be difficult. A series of flow tests over specific intefials would be required to measure the dbage in each of the wellborei. The 12-11 wet] is suspected of having a larger Skin value than the 16-10 welI given the poorer production and better logs seenat 12-11.
16-11 Horizontal. The 16-11 horizontal well was drilled in November of 1996 using an oil-soluble res@ dti '~ystern TFte horizontal interval was 793 m in length and dr~e~-tipdipwith an average hole angle of 910 from vertical, As seen in Figure 2 , the 16-11 well \vas drilled in a west to east direction and perpendicular to the 12-11 and 16-10 wells. Drilling of 16-11 perpendicular to the 12-11 and 16-10 well's provided a SPE 39921 IN THE BIGORAY FIELD. ISSUES IN FOFUVL4TION DAMAGE .,. 5 different direction in which to contact the Pekisko permeability and porosity. In the event that fractures do play a part in the production of oil from the Bigoray pool, the west to east well path at 16-11 will provide a different orientation to contati Ihe fractures.
DEVELOPMENT OF THE PEKISKO DOLOMITE
Drilling. The 793 m horizontal leg was drilled in 12 days, including time spent cutting two horizontal cores. Total losses from the resin system amounted to 150 m3 of }vhole mud. No other drilling problems were reported while drilling the horizontal section.
Cornp~tfifi. An oiI-soluble rksin breaker was placed in the horizontal section of 16-11 following drilling and was allowed to contact the filtercrtke for a 12 hour period. The well was blown out with N2 and then underbalanced acid washed with nitrified 1So/OHCI from heel to toe and reversing from toe to heel. The purpose of the acid wash was to remove polymeric agents from the filter cake and to provide some near wellbore stimulation of the Pekisko dolomite.
A 69 mm tubing pump was then installed in the 73 mm production tubing. Artificial !Lf~was installed in January of 1997 with repairs condtic3e&in-Au~ust of 1997.
Logs. The horizontal logs from 16-1 I are shown in Figure  9 . The" 16-11 log provides an example of the fractured/brecciated areas contained within portions of the Pekisko as evidenced by the high quartz (chert) and shale content within the interval 2095 -2165 mMD. Intermittent stringers of quartz within the dolomitic network continue to 2250 mMD. Hydro~on porosities over this interval average five to eight percent. The remainder of the 570 m horizontal leg is predominantly dolomite with some shale and/or quartz lenses. Hydrocarbon porosities resemble those of 12-11 log ( Figure 5 ) with average porosity of 107. and some sections of 20-25~0 porosity. The porosity to water in 16-11 log is greater than at 12-11 and similar to that exhibited at 16-1.0.
Production. The 16-11 well has been a relatively poor producer of oil (Figure 8) . Average production over the first nine months has been 9.0 m3/day of oil with an average water cut of 69A. "The production rates to date have been relatively steady over the life of the we!l. The GOR has averaged 1620, the highest of the horizontal wells discussed here.
This well is a disappointment in the volume of oil and daily rate recovered to date, especially given the good rock quality seen on the horizontal logs. Oil production is much less than from 16-10 and 12-11 wells and is only twice that of the current production from the eighteen year old 7-12 vertical well.
The cause of the poorer production is less clear. Formation damage due to the oil-soluble resin drilling fluid may be fully or partly responsible. Similar to 12-11, the loss of substantial volumes of whole mud and/or the absence of an APTRA may have Iead to reduced permeability and flow to oil. The directional placement of the well in a west to east direction may also be affecting production.
The better horizontal producers, 12-1 I and 16-10 run in a roughly north to south direction.
Conclusions
1. Core flow studies need to be conducted on new 2.
4.
5.
horizontal projects prior to drilling. The studies are especially important in rocks where multiple damage mechanisms are possible. The APTRA-polymer-carbonate system proved less damaging than the oil-soluble resin, system in drilling the Pekisko horizontal wells. The production from wells at 12-1 I and 16-11 are poorer than anticipated, especially given the high quality rock seen on the horizontal logs. Tk Pekisko dolomite in Bigoray can be d--by solids and/or fluid invasion. Damage due to aqueous phase tapping is also suspected in the lower permeability, lower water saturated dolimitic fraction. The directional placement of the horizontal wellbore may have some impact on the production of hydrocarbons and water from the well. Further wells need to be drilled in order to ascertain whether the direction of the well impacts upon production. --< ----'--------:.-.<...,.+ --'.?~..::. "---:=~=."".."".--...--zd-,"'" "7: ....,... z.. ,./-+~-"--~x, - 
